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INTRODUCTION 

In  recent years, autornatlc ana lys fs  o f  the electroenceph- 

alogram has become more and more complex (2) and y e t  f a r t h e r  

from ac tua l  usefulness t o  the c l l n l c l a n ,  Th is  Is n o t  sur- 

p r l s l n g  In the l l g h t  o f  rap ld ly  increastng s o p h l s t i c a t i o n  I n  

the  b l o l o g l c a l  use o f  computers. A t  t h e  same time, t h l s  I n -  

creasing s o p h l s t l c a t l o n  presents bo th  a problem and an oppor- 

tunlQ, The d i f f i c u l t y  ar Ises from the  p r a c t i c a l  problem m l s e d  

f o r  the  c l l n f c l a n  who has not the tfme t o  become a programmer o r  

mathematician, nor u s u a l l y  the appropr ia te  computer f a c t 1  l t f e s  

a t  h i s  disposal. However, the Inherent  nature o f  these computfng 

techniques has the p o t e n t l a l  to overcome t h l s  d l f f i c u l t y .  

oppor tun l t y  would appear t o  l i e  I n  the  u t l l l z a t l o n  of large, 

general-purpose d i g i t a l  computers, not f o r  t o u t l n e  analys is ,  b u t  

ra the r  In  a search f o r  the most f r u l t f u l  types o f  ana lys fs  o r  

t h e  most s l g n t f l c a n t  parameters t o  q u a n t l f y  EEG patterns. 

f o r  example, It were poss lb le  t o  de f l ne  the  bas l c  parameters 

The 

If, 

necessary t o  appropr la te  analys ls  o f  t h e  EEG, then It should be 

poss lb le  t o  deslgn specia l  -purpose computers capable o f  analys lng 

such parameters" 

r e s p o n s I b l l f t i e s  I n  t h e  i n teg ra t l on  o f  o the r  c l i n l c a l  c r I t e r l a  w f t h  

t h e  EEG Information, bu t  It would provtde more t o n s l s t e n t  data on 

which t o  base h i s  Judgement. The present  paper Is a f l r s t  s tep l n  

th ls  d l rec t l on ,  u t f l l z t n g  the UCLA Hea l th  Sclences computer2 ( I B M  7094) 

This  would not r e l I o v e  the  c l l n l c l a n  of h l s  
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and the  UCLA Space Blo logy Laboratory Spectra l  Analysts  programs as 

the  bas is  for searchlng f o r  the p e r t l n e n t  parameters o f  the EEG, 

(2)We wish t o  express ou r  thanks f o r  the serv lces provfded by t h f s  

f a c l l l t y  operated under N I H  Grant #USPHS FR3. 

The ana lys ts  o f  tlme-dependent processes In  terms o f  t h e i r  spec t ra l  

p roper t l es  has long been a favo r i t e  s c l e n t f f l c  tool,  I n  EEG and e l se -  

where, 

f o r  l l n e s r  (Gausslan) systems a re  Independent even when the  data Is 

h i g h l y  au tocor re la ted  l n  the  tlme domain. Thus, complex waves can 

be analyzed ln to  ccmponent par ts  suggest ive of  changing generat lve 

processes. These a r e  components by frequency and c o n s t l t u t e  an a u t o i  

spectrum 

I t s  power der Ives from the proper ty  t h a t  the  Four ie r  c o e f f f c l e n t s  

Cross-spectra and t rans fe r  func t lon  ana lys l s  o f  the EEG a re  gen- 

e r a l l y  more use fu l  too ls ,  i n  our present s t a t e  o f  knowledge, sfnce 

they permi t  e l u c l d a t l o n  o f  funct ions (such as t ransmlsslon) whlch can 

be more s a t l s f a c t o r l l y  modeled a t  t h l s  t lme than the  generat lve pro- 

cesses access 1 b 1 e through auto-spect ra  1 ana 1 y s  1 s . The p l onee r 1 ng 

work o f  D. 0. Walter ( I )  has o f fe red  a t a n t a l l z i n g  gltmpse o f  new 

lns fgh ts  in to  cerebra l  funct lon and ln fonnat lon processlng whlch w i l l  

undoubtedly develop w i t h  wider a p p l l c a t l o n  o f  these methods. 

I n  an e a r l i e r  paper ( 6 ) ,  fn  whlch spec t ra l  ana lys ts  was used, 

c e r t a i n  problems arose In the  fn te rpre ta t lon .  

spectra were qu1te s l m l f a r  f o r  s ta tes  o f  s leep r a t h e r  a a s l l y  d l f f e r -  

e n t l a t e d  by  v l s u a l  examination of the EEG, While I t  was poss lb le  t o  

d l sce rn  subt le  d i f fe rence,  the spect ra e s s e n t l a l l y  showed t h a t  even 

For  example, the auto- 

though h l g h  frequency a c t l v l t y  extsted, there  was an 

r e a d l l y  def inable narrow band In  these h lgh  frequenc 

a c t i v i t y  was w lde ly  dlspersed In  the  h ighe r  rangese 

absence o f  a 

es; t h a t  Is, the 

For  example, In  a 
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lead from the  r e t i c u l a r  formation one-can see some slow a c t i v i t y  

bu t  t o  the eye the predominant a c t i v i t y  looks r a p i d  

However, the spectra demonstfate c l e a r l y  t h a t  on l y  the  low frequency 

a c t i v i t y  Is s u f f i c i e n t l y  ordered t o  have foca l i zed  power, wh i l e  the  

hIgher  frequencies, although obviously present, a re  dispersed over  a 

wide range w l t h  l i t t l e  foca l ized power (Fig. 1A) .  Whlle t h i s  I n t e r -  

e s t i n g  observat ion holds some promise f o r  f u t u r e  understandlng o f  

cerebra l  a c t i v i t y ,  I t  does not seem t o  be what the  electroenceph- 

alographer i s  I L ~  Ing f o r  i n t e r p r e t a t i o n  i n  any d i r e c t  sense. 

(Flg. 1J). 

Added t o  these d i f f i c u l t i e s  a re  severa l  o ther  defects  o f  spec t ra l  

ana lys is  from the  p o i n t  o f  view o f  the  c l i n i c i a n  ra the r  than the 

researcher: a t  the  present tlme, the  spect ra I s  expensive t o  compute; 

It does n o t  achieve a s t j f f l c l e n t  degree o f  data reduct ion;  and i t  

does no t  adequately descr ibe the shape o f  wave processes. 

attempted t o  circumvent some o f  these defects by d e r i v i n g  parameters 

suggestive o f  Ges ta l t  perceptlons o f  pa t te rns  i n  a wave process. 

We have 

The electroencephalographer as a human computer makes c e r t a  I n  

dec ls lons about an EEG record as he reviews I t .  

h i s  f i nd ings  In  terms of frequency and/or ampll tude which a r e  obv lous ly  

Important, b u t  a l s o  Incomplete; It would seem as though o the r  fac to rs  

a r e  a l s o  p lay ing  a s i g n l f l c a n t  r o l e  I n  the  dec is ions being made. For 

example, why does the c l i n i c i a n  respond t o  a bu rs t  o f  sharp the ta  as 

be ing  w l t h i n  the  l i m i t s  o f  normal i ty  one t ime and s i g n l f l c a n t  o f  

abnormal i ty  a t  another? 

He usua l l y  describes 

It would be our conten t lon  t h a t  the  e l e c t r o -  
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e n c e p h a l o g r a p h e r  i s  r e s p s n d l n g  to  a t  l e a s t  two factors ( p o s s t b l y  more) 

t h a t  h e  n o r m a l l y  d o e s  n o t  d e s c r i b e  (or combfnes u n d e r  t h e  term "synchronyll). 

One of t h e s e  factors c c u l d  be  t h e  c l l n t c a l  e x p e r l e n c e  t h a t  t h i s  t y p e  

o f  t h e t a  shows In t h l s  area wi th  a p a r t l c u l a r  c l l n l c a l  syndrcme. 

Whl l e  t h i s  t y p e  of c o n s l d e r a t i o n  Is of g r e a t  impor t ance ,  i t  I n v o l v e s  

many p rob lems ,  for example language  cod ing ,  and  w l l l  n o t  be d e a l t  

w i t h  i n  t h l s  p a p e r o  A n o t h e r  p o s s l b l e  factor c a n  b e  t h a t  of t h e  d e g r e e  

of s t a b l l l t y  of t h e  record, e i t h e r  In  terms of t h e  o v e r a l l  record 

or t h e  s p e c l f l c  p a r t  of t h e  record In  which t h f s  h y p o t h e t f c a l  t h e t a  

a p p e a r s .  The  l a t t e r  f a c t o r s  a r e  amenable  to compute r  a n a l y s l s ,  S f n c e  

t h e  e l e c t r o e n c e p h a l o g r a p h e r  I n  v l e w l n g  a record t e n d s  to  Impute a n  

order t o  t h e  d a t a  w h e t h e r  I t  e x l s t s  or n o t ;  o n e  may consfder a c c e p t f n g  

t h e  s p e c t r a l  data as  t h e  b a s i s  for  c a l c u l a t t n g  c e r t a i n  l n d l c e s  of' 

o r d e r l l n s s s .  We have  chosen  two s u c h  l n d l c e s ,  t h e  d l s p e r s l o n  or 

bandwldth  of e a c h  s p e c t r u m p  and t h e  t i m e  spread or d u r a t f o n  of  e a c h  

wave trace. 

i z a t i o n  of  t h e  s t a b l l l t y  of a r e c o r d ,  a measure  o f  I ts  o r d e r l l n e s s ,  

They p r o v l d e ,  when c o n s f d e r e d  t o g e t h e r ,  a u s e f u l  c h a r a c t e r -  

STAB I L I TY 

The c o n c e p t  of s t a b i l l t y  Is r e l a t e d  t o  t h e  Idea  of o r g a n l z a t l o n  

or  nonsrandomness,  F o r  example, a s l n e  wave Is c o n s l d e r e d  h l g h l y  

s t a b l e  w h l l e  w h l t e  n o l s e  may be c a l l e d  h l g h l y  u n s t a b l e ,  

two l n d l c a t f o n s  of t h l s  s t a b i l l t y  In a s l n e s o l d  = - t h e  peak  to  peak  

a m p i j t u d e  s t a b l l t t y . a n d  f r equency  s t a b l l l t y o  A measure  of f r e q u e n c y  

T h e r e  are  



s t a b l l l t y  Is the spread o f  the spectrum o r  the  equlva lent  no ise band- 

w id th  ((3) whlch w l l l  be narrow f o r  h l g h l y  s tab le  functfons, 6uch 

a s  a slnesaid, The carrespondlng measure o f  amplftude s t a b l l l t y  1s 

t he  spread o f  power In  the t i m e  domaIn, o r  t he  duratlon, (7). 

a re  many a l t e r n a t i v e  d e f f n i t l o n s  (5) to  those expressed here; the  

chblce was based on the ease of addlng the  computatlon t o  an e x l s t l n g  

spec t ra l  ana lys i s  program, and the r e l a t f v e  ease o f  developlng a 

sampltng theory f o r  the chosen s t a t l s t l c s ,  

The product o f  bandwldth and du ra t l on  Is known a s  the  uncer ta in ty ,  

There 

a q u a n t l t y  whlch crops up In  a wlde range o f  d l sc fp l l nes .  

t i c a l  c m u n l c a t l o n s  theory the concept appears I n  the number o f  

Independent samples necessary to  def lne a record, 

t h e  s t a b l l l t y  o f  phenomena accordlng t o  the  dPs t r l bu t l on  I n  t h e  f t e t d  

o f  uncer ta in ty ,  

w l l l  be def lned as the s t a b l l l t y  dlagram o f  a process. 

I n  s t a t i s -  

We may character fze 

Hence the p l o t  o f  B versus T as a func t fon  o f  t ime 

METHOD 

1, Mathematlcal D e f l n f t l o n  

The under ly lng  mathematIca1 theory  Is not  necessary for  the usage 

o r  general understandlng o f  the concepts o f  bandwldth and duratlon, 

A general theory has been establ  ished by Zakal (9) who def ines  a 

general c lass o f  bandwld thdura t lan  meaSUt”e60 The d e f l n l t l o n s  used 

In  our  system were chosen from those a v a i l a b l e  In  7akaI’s c l a s s l f l c a t l o n ,  



Given a sample, X ( t ) ,  Ost4, from a random process w l t h  a sample 

spec t ra l  dens i t y  S ( f ) ,  t he  sample bandwfdth, B, f s  def ined as: 

2 U 
U 

0 ,  V S  ( f ) d f  

max C S ( f )  1 mex [ S ( f )  1 B o  

where max [ S ( f ) l  Is the maxtrnum o f  the spec t ra l  dens i t y  funct lon.  

Th ls  i s  i d e n t i c a l  w i th  the  equiva lent  no lse bandwtdth ( the w ld th  o f  

a rectangular  f D l t e r  passlng the same spec t ra l  power as the  process), 

The syrnmetrlcal measure o f  duratlon T, Is then: 

WIth the  l a t t e r  d e f i n l t l o n ,  t o  avo id  the  dependence on epoch length  

f o r  non-time l l m f t e d  processes, It Is des i rab le  t o  In t roduce the concept 

o f  c h a r a c t e r f s t l c  durat ion,  D, as: 

I I ,  Behavioral Aspects of  B VS. T 

A. Determfn fs t l c  Functfons 

For nea r l y  a l l  fami l ies  of slmple i s o l a t e d  waveforms, the 8 T 

product i s  a constant, thus the B VS. T curve i s  a hyperbola as a 

func t l on  o f  the parameter de f i n ing  d i f f e r e n t  f am i l y  members. 



Some examples: 
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, 

# 
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I f  a f  1s any Integer ,  
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iti > -  a 

2n 

B "  a n ,  B + r c : l  
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t 2 0  

t < o  
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D. Gaussian Processes: 

I f  EEG s leep waves were the r e s u l t  o f  a s u m a t i o n  o f  random 

neuronal f i r i n g s  “ f i l t e r e d 1 ’  by the  Inst rumentat fon system or by the 

b r a i n  I t s e l f ,  the EEG would be modeled by a narrow-band s t a t i o n a r y  

Gausslan process (4) -- a t  l e a s t  over moderate epoch lengths. 

For these processes, the character 1s t I C  durat  Ion  I s  a (stochas t fc) 

f u n c t i o n  o f  bandwidth and epoch length whose expected value decreases 

as a f u n c t i o n  o f  the degrees of freedom ( the  equiva lent  number o f  

independent samples) i n  the record. The degrees o f  freedom, n, 

I n  a f i n f t e  sample o f  length, T, from a Gaussian process o f  bandwidth, 

3, Is approximately n = 2DT - 2/3 (1) . 
The expected Gaussian curve was computed by numerical i n t e g r a t i o n  

and i s  p l o t t e d  i n  Figure 2. For moderate degrees o f  freedom, the  

c h a r a c t e r i s t i c  du ra t i on  var ies slowly around a value o f  0.1. 

RESULTS -- 

Before present lng resu l t s  obtalned dur ing s leep s tud ies wi th  

implanted chfmpanzee subjects,  It Is poss ib le  t o  diagram the  r e l a t i o n s  

between var ious wave pat terns and t h e i r  p lace I n  the s t a b l l l t y  

diagram, 

o f  d e t e r m i n i s t i c  and random slgnals,  The wave forms have been placed 

In  the  approxlmate p o s i t i o n  of t h e i r  coordfnates on the s t a b i l i t y  

diagram. 

Flgure 2 demonstrates the  var ious pat terns fo r  a s e l e c t i o n  

The mlnimum dura t ion  occurs w i t h  a s l n g l e  sharp spike, 
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Mlnlmum bandwidth occurs with a sinusoid, maximum bandwldth wlth a 

spike or whlte noise. 

Increases Its bandwidth; amp1 1 tude modulat Ion decreases its durat Ion 

and increases Its bandwidth, This can be seen in Figure 2 when the 

slnesoidal wave Is compared to the FM modulation and the AM modulatlon. 

Usually, frequency modulation of  a signal 

The relatlon o f  typlcal EEG patterns to each other I R  stablllty 

are diagrammed In Figure 3, again, the wave forms approxlmate the 

actual cootdlnates, The data shown 

found in  a slngle nlght's recording 

Spectral analysls of these patterns 

s lnce most of the power was In the 

llustrate the extremes of patterns 

from a sleeplng chimpanzee. 

d i d  not reveal slgnlficant peaks 

ower frequencies although, It 

was possible to see local peaks. While It is possible to dlscrlminate 

amongst adjacent patterns In the figure, they are o f  the type that 

vlsual examlnatlon would not separate In the context of a total EEG 

record, Thus, thls pattern analys Is reveals subtle shlfts in rhythmlc 

behavior of the record, 

points, to plot the differing segments o f  one nlght for a given 

placement agafnst those records from dlfferrng placements, 

were vlsual ly analysed and different stages of sleep determined, 

These stages were then analysed by the computer and plotted on the 

stability diagram in terms of thetr respective bandwidths and durations. 

The results of thls analpis can be seen In Figure 4 where the letters 

represent a coding of the cllnlcally determined sleep stages and the 

cross hatchings the electrode placements. 

It i s  possible, when using just coordlnate 

EEG records 
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Paradoxfcal or dream sleep, wlthout conslderatlon o f  Its depth, 

appears close to the awake state in the mesencephalic retlcular 

formation and errtorhlnal cortex on the basts of these stability 

parameters Uy contrast , there are subs tant la 1 d Ifferences between 

awake and paradoxical records from the parfeto-occlpital cortex (P.0,). 

However, a grebt slmlllarlty In stab11 lty exists between paradoxical 

and drowsy stages for the parleto-occlpltal cortex. 

torhlnal and pzrieto-cortex leads show close groupings for all types 

of slow waves zrhlle the mesencephalfc retlcular formation Is somewhat 

spread, Hot2 

to cluster ahout the expected Gausslan relationshlp, further evidence 

agalnst the nypothesls of linear summation of neuronal spikes for the 

gemratlon cf EEG waves. 

Both the en- 

that the observed stability relationships do not tend 

D ISCUSS ION 

Systematlc presentation of data, for either experlmental or 

cl lnical purposes, requires a substantial degree of consistency. The 

stage at whlch the human observer enters into the Interpretation of 

thls data Is usually where the greatest lnconslstency also appears. 

At the same time, It Is necessary to acknowledge that "cllnlcal judg,e- 

ment Is of vital Importance, not only for patlents but also In ex- 

perfmental sftuatlons. 

of th ls  type cf problem, 

ODVIOUS that, the optimal system would be one whlch can present EEG 

It would seem that the EEG is a prlme example 

In resoluttor: o f  thls d?fffcu?ty, ! t  becmes 
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data In the  most concise and prec lse form, so t h a t  on l y  c l l n l c a l  

judgement Is requi red and not  i n t e r p r e t a t i o n  o f  the form o f  t he  data, 

Recognit ion o f  t h i s  requirement 1s evidenced by the long h i s t o r y  

o f  proposed automatic systems (3,8) 

a l s o  ImplIes t h a t  f o r  a var ie ty  o f  reasons, none o f  t h e  systems 

have been very e f f e c t i v e .  

a c r l t l c a l  f a l l i n g  o f  such systems has been t h e i r  I n a b l l l t y  t o  

d i sce rn  and comprehensively cons Ider  those aspects o f  the p a t t e r n  

p roper t i es  o f  the data t o  the  extent  used by electroencephalographers 

I n  readfng records. This  Is not to  mply t h a t  s t a b i l i t y  is t he  on ly  

f a c t o r  u t  I 1  ized by an electroencepha ographer, 

underway t o  combtne the bandwldth-duratlon type of  in format ion w i t $ .  

a computer der ived frequency amplitude measure. 

observing bandwidth ,mean frequency, durat  ion,and amp1 I tude, one mtgh t  

proceed t o  a more accurate pa t te rn  d Isc r Im Ina t ton  approxlmatlng the 

c l l n l c l a n ,  

EEG parameters such as the  average o f  the evoked response. 

Unfor tunate ly ,  t h i s  h l s t o r y  

The r e s u l t s  presented above suggest t h a t  

Work I s  c u r r e n t l y  

Presumably, by 

A d d i t l o n a l l y ,  t h i s  technlque may be app l l cab le  t o  der ived 

A t  the present tlme, the bandwldth-duration measure as w e l l  as 

the proposed frequency-amplltude measure are der lved In a fashlon 

amenable t o  analysts w t t h  the  la rge  general purpose d l g i t a l  computer, 

However, these measures (or equivalents) could be obtained through 

analog devices, attached t o  normal EEG machfnes, and fnvolvfng 

reasonable eng Ineer lng requirements 



Thls general approac5 would seem to apen wide areas for investigation 

In cl Inlcal and experimental neurophys iology and psychophysiology. It 1s 

suggested that thls or a s l m l 1 3 i x .  approach has the potentlal for ful- 

flllfng the early expectatlons and promise of the EEG, 

techniques to differentlate subtle states o f  consclousness in  strsss and 

other waking states seem necessary 

ledge of human functlon, 

has been made by demonstrattng the subtle dlfferences perceptlble, 

after analysfs, durlng normal sleep of the chimpanzee, 

for thls technlque has been glven by some prellmlnary stab11 I t y  analys. ls  

of drug effects on an EEG record o f  a psychotlc patlent by Dr. M. Fink, 

Furthermore, 

for further advances In our know- 

It Is felt the first step I n  thls dlrectlon 

Further support 

subtle EEG changes These early results showed promise of quanttfylng 

due to drugs. 3 

We wlsh to express our thanks to Dr. Fink for k ndly permlttlng us 

to review hls prellmlnary results demonstratfng the utlllratlon of 

th Is concept , 

S UMWRY 

The concept of stablllty of an EEG tracing Is Introduced as 

replicating one of the major factors ut11 ized In the clfnlcal evaluatfon 

of EEG records, The mathematlcal formulae for defining stablllty and 

the theoret Ical behavior of determlnistlc and random processes are 

presented. 



A stability dlagram 1s shown glvIng typlcal dlstrlbutlons for 

bandwfdth-duration relatlonships during an implanted chimpanzee sleep 

records 

A stabllfty dlagram I s  bhown for a group of electrode placements 

(parletc-occipital cortex, mtoi-hina! cortex arid mesencephalic retfcular 

formatlon) demonstrating separatlons of EEG patterns based, lnltlal ly, 

on observed cl lnlcal categories. 

The importance and utllfty o f  t h i s  approach for discrimlnatlng 

subtle changes In the EEG not conslstently vlslble to the 

electroencephalographer, are discussed. 
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Figure 1 4  

Spectral  Analysis from implanted b i p o l a r  e lec t rodes  in the 

mesencephal i c  r e t i c u l a r  formatfon of  the chimpanzee during three 

d 1 f f e  rent  s ta tes  o f  consc Iousness , Awake, Deep ,and Pa radoxl ca 1 

Sleep. 

Figure 1-B 

Sample EEG t rac ings  from the mesencephalic r e t i c u l a r  formation 

during d I f fe rent  states o f  consciousnesso 



Figure 2 

D i s t r i b u t i o n  o f  known slgnais when bandwidth Is p l o t t e d  versus 

cha r a c t e r f  s t  I c dura t f on 
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Figure 3 

D l s t r f b u t l o n  o f  EEG tracings, during one n i g h t  o f  sleep, p l o t t e d  

as bandw?dth (B) versus durat!on ( D ) '  Coordinates f o r  each t r a c i n g  

a r e  d i r e c t l y  above the respective tracing.  Records a r e  from the 

nesencephal IC r e t f c u l a r  formation (MBRF), the entorhfna l  cor tex  

(ENT, C X , ) ,  and the  Hfppocampus (L,  H I P P ) .  
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4 

FDgure 4 

P l o t s  o f  coordinates taken from v i s u a l l y  evaluated EEG states, 

Awake (A), Drowsy ( D ) ,  Waking (W), Paradox?cal Sleep (P), Siow Wave 

sleep w i t h  more or less  spfndle a c t f v i t y  (SL,SP,SS), 

represent d i f f e r e n t  e lect rode placements. P-0 C O R T E X  is a p a r i e t o -  

o c c i p i t a l  skull screw, EMT,  CORTEX ? s  a deep e lec t rode I n  the 

en torh ina l  cortex, and M B R F  i s  a deep e l e c t  rode I n  the mesencephal i c  

r e t  f cula r format ion. 

Cross hatchings 1 

i ;  I 


